MOLECULAR AND CELLULAR B10LOGY, June 1991, p. 3296-3306
0270-7306/91/063296-11$02.00/0
Copyright © 1991, American Society for Microbiology

Vol. 11, No. 6

Structure, Chromosome Location, and Expression of the Human
Smooth Muscle (Enteric Type) y-Actin Gene: Evolution
of Six Human Actin Genes
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Recombinant phages that carry the human smooth muscle (enteric type) y-actin gene were isolated from
human genomic DNA libraries. The amino acid sequence deduced from the nucleotide sequence matches those of
c¢DNAs but differs from the protein sequence previously reported at one amino acid position, codon 359. The gene
containing one 5’ untranslated exon and eight coding exons extends for 27 kb on human chromosome 2. The
intron between codons 84 and 85 (site 3) is unique to the two smooth muscle actin genes. In the 5’ flanking region,
there are several CArG boxes and E boxes, which are regulatory elements in some muscle-specific genes.
Hybridization with the 3’ untranslated region, which is specific for the human smooth muscle y-actin gene,
suggests the single gene in the human genome and specific expressions in enteric and aortic tissues. From
characterized molecular structures of the six human actin isoform genes, we propose a hypothesis of evolutionary
pathway of the actin gene family. A presumed ancestral actin gene had introns at at least sites 1, 2, and 4 through
8. Cytoplasmic actin genes may have directly evolved from it through loss of introns at sites 5 and 6. However,
through duplication of the ancestral actin gene with substitutions of many amino acids, a prototype of muscle
actin genes had been created. Subsequently, striated muscle actin and smooth muscle actin genes may have
evolved from this prototype by loss of an intron at site 4 and acquisition of a new intron at site 3, respectively.

Actins are ubiquitous proteins present in large amounts in
all cells, and their amino acid sequences are highly con-
served during evolution. Mammalian cells have at least six
actin isoforms, which are classified as either muscle- or
cytoplasmic-type actins (45—47). The muscle-type actins are
essential components of the contractile apparatuses in mus-
cle cells and are subdivided into two striated muscle actins
(skeletal and cardiac a-actins) and two smooth muscle actins
(aortic type a-actin and enteric type vy-actin), on the basis of
predominantly expressed tissues. Two cytoplasmic actins,
B- and «v-actins, are found in nonmuscle cells and participate
in a variety of cell functions, such as cell motility and
maintenance of the cytoskeleton. Expressions of individual
actin isoforms are regulated with distinct patterns of both
tissue and developmental stage specificity. However, each
pair of the actin isoforms was coexpressed under some
circumstances (10, 48).

Actins, like many contractile protein genes, are encoded
by a multigene family. The high degree of sequence conser-
vation among actin proteins suggests that the multigene
family arose by divergence from a single common ancestral
gene. The molecular structure analyses of the actin genes are
useful for understanding the evolutionary processes of the
actin gene family and identifying regulatory systems control-
ling the expression of individual actin genes.

So far, five of the six actin genes have been isolated from
the human genome and mapped on different chromosomes
(see Fig. 5). Although a cDNA clone has recently been
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reported for the smooth muscle (enteric type) y-actin (27), its
gene structure is not yet known.

This article describes the isolation and molecular structure
of the human smooth muscle (enteric type) y-actin gene. The
gene contains one 5’ untranslated exon and eight coding
exons in a 27-kb region and is located on human chromo-
some 2. Comparing genome structures, nucleotide se-
quences, and amino acid sequences among the six human
actin genes, we proposed a hypothetical model of the evo-
lutionary pathway of the actin gene family.

MATERIALS AND METHODS

Screening of human genomic libraries. The genomic DNA
library of HUT14 cells, in vitro chemically transformed
human fibroblast cells (17), was constructed by ligation of
partially EcoRI-digested DNA to Charon 4A phage vectors.
With a 0.85-kb fragment of pcDd actin ITL-1, a plasmid
containing cDNA from Dictyostelium discoideum actin (8),
the library was screened as described previously (44). One of
clones which strongly hybridized with the probe, termed
AHA-315, was used for further analysis. The second genomic
DNA library, made by Lawn et al. (22), was screened with a
1.7-kb EcoRI-BamHI DNA fragment of A\HA-315, and AHA-
3222 was obtained. The third genomic DNA library, made by
Takiguchi et al. (39), which was constructed by ligation of
partially Sau3Al-digested DNA from peripheral blood to
BamHI-digested EMBL4 phage vectors, was screened with
a 122-bp Apal-Hpall fragment containing a 3’ untranslated
region (UTR) of the human smooth muscle y-actin cDNAs
(27) or a 230-bp Kpnl-Hincll fragment from intron 5. Clones



VoL. 11, 1991

MHACTSG-112 and AHACTSG-2, respectively, were ob-
tained.

To map actin coding regions on the cloned inserts, DNAs
from the recombinant phages or their subclones to plasmids
were analyzed by Southern blot analysis. For detection
probes, DNAs from cDNAs and exon regions of the smooth
muscle a-actin gene (19, 44) or the cardiac a-actin gene (14)
were prepared and nick translated with [a->?P]JdCTP by nick
translation kit (Takara Shuzo Co., Kyoto, Japan).

c¢DNA cloning. Total RNA was prepared from human
stomach by the guanidinium-CsCl method, and poly(A)™*
RNA was purified by oligo(dT) cellulose chromatography
(23). The Agtll cDNA library was constructed by oligo(dT)
priming of poly(A)* RNA by using cDNA synthesis and
Agtll cloning systems (Amersham). The cDNA library was
screened with a 100-bp Ddel-Smal fragment of AHA-315,
which includes the amino-terminal sequence of the actin
coding region, and nucleotide sequences of the isolated
cDNA clones were determined.

DNA sequencing. The human DNA inserts were digested
with appropriate restriction enzymes and subcloned into
either M13 phage or pUC plasmid vectors. DNAs were
sequenced with [a->>S]JdATP with a T7 sequence kit (Phar-
macia). Comparison of DNA sequence data was analyzed by
UWGCG programs.

Southern and Northern (RNA) blot analyses. Genomic
DNAs were isolated from human and mouse cultured cells,
and 10 pg of EcoRI-digested DNAs were electrophoresed on
0.8% agarose gels and transferred to Hybond-N nylon mem-
brane filters (Amersham). Total RNAs were extracted from
various human tissues by the guanidinium-CsCl method. In
the case of umbilical cord artery, poly(A)* RNA was col-
lected. The RN As were denatured with formaldehyde, elec-
trophoresed on 1% agarose gels containing 2.5 M form-
aldehyde, and transferred to nylon filters. The 122-bp
Apal-Hpall cDNA fragment including the 3' UTR was nick
translated and used as an actin isoform-specific probe.
Southern blot hybridization was carried out as described
previously (19) except that filters were washed with 2x SSC
(1x SSC is 150 mM NaCl plus 15 mM sodium citrate) and
0.1% sodium dodecyl sulfate for 30 min twice at 60°C.
Northern blot hybridization was carried out as described
previously (19).

Cell hybrids and chromosome analysis. The isolation of
rodent-human somatic cell hybrids and identification of
human chromosomes within the hybrids have been de-
scribed previously (2). High-molecular-weight DNAs iso-
lated from 18 hybrid cells (10 pg each) were digested with
EcoRI, separated on 0.7% agarose gels, and transferred to
nitrocellulose filters. A 1.5-kb Sacl-EcoRI fragment from
intron 8 of AHACTSG-112 was used as a hybridization
probe.

Nucleotide sequence accession numbers. Nucleotide se-
quence accession numbers assigned by DDBJ-EMBL-Gen-
Bank are D00648 to D00654 and X16940 for the genome and
cDNA of the human smooth muscle (enteric type) -y-actin
gene, respectively.

RESULTS

A partial clone of the human smooth muscle (enteric type)
y-actin gene. The genomic library constructed from EcoRI
partially digested human DNA was screened with the actin
coding probe. An isolated recombinant clone, \HA-315, has
6.5- and 8.0-kb EcoRI fragments from the human DNA (Fig.
1). Several probes specific for the different regions of actin
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FIG. 1. Structures of human smooth muscle y-actin cDNA and
genomic clones. The locations of cleavage sites of BamHI (closed
circle), Bglll (open circle), EcoRI (closed triangle), and HindIII
(open triangle) are shown. (A) Schematic map of cDNA. The
numbers in boxes represent corresponding exons. Initiation and
termination codons are shown. The nucleotide sequence is the
longest 5" UTR among cDNA clones (pHSM+vyAc-1), and the under-
lined part corresponds to exon 1. (B) Restriction map and diagram of
genomic clones. The black bars numbered 1 to 9 represent exons. A
Hindlll site, shown by the asterisk, was polymorphic (41).

coding sequences demonstrated that A\HA-315 was hybrid-
ized with probes having sequences upstream from codon 204
but not downstream from codon 204, e.g., probes including
exon 7 of the smooth muscle a-actin gene (data not shown).
A large number (more than 20) of actin-related sequences
have been detected in the human genome, and many of them
may represent pseudogenes (5). However, the actin gene
encoded in AHA-315 seemed to have introns, because the
actin coding regions were scattered in the cloned fragment.
In addition, according to the restriction map, AHA-315 was
different from previous clones including human actin genes
(see Fig. 5).

To identify an actin isoform encoded by the cloned gene,
the DNA fragment hybridized to the first coding exon region,
the 1.5-kb BamHI fragment, was sequenced, because the
amino-terminal sequence is the most variable region of actin
isoforms and the only difference between two smooth mus-
cle actins, enteric type and aortic type (47). The deduced
amino acid sequence after the initiation codon was Met-Cys-
Glu-Glu-Glu-Thr-Thr (Fig. 2) and agreed with the amino-
terminal sequence of smooth muscle (enteric type) y-actin
described previously (47) except that Met-Cys residues were
not removed. Therefore, A\HA-315 was suggested to include
the human smooth muscle y-actin gene.

Nucleotide sequences of other regions hybridized to the
actin coding probes were also determined; A\HA-315 con-
tained five actin coding exons of the amino-terminal region,
which encode the amino acid sequence up to codon 204 (Fig.
2). The deduced amino acid sequence was completely iden-
tical with that of the smooth muscle y-actin. From these
results, we concluded that \HA-315 was a partial clone of
the human smooth muscle (enteric type) y-actin gene.

5’ UTR in cDNA clones. cDNA clones of the human
smooth muscle y-actin gene were isolated from the human
stomach cDNA library. One clone, pHSMvyAc-5, which was
1,273 bp with 5’ UTR and 3’ UTR of 54 and 77 bp,
respectively, has been reported elsewhere (27). Among the
cDNA clones, the longest cloned 5' UTR (pHSM+vyAc-1),
whose sequence is shown in Fig. 1A, was 71 bp. In this
sequence, the initial 35 nucleotides of the cDNA did not
match with the sequence of the corresponding region of
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CTGCAGATATTTAGAGATATTTAAAGGAAAACCAGGAAGGAGCCAAGAGAGAATGAAGCCTAAGGTGTCCTGAGACCCTCAGAGAACTCAGCCCAAGGGTTAGGAGCTTGTGTCAAGGTG

CAGCAGGTGAGTAGGGCACGCAGGATTTCTTTCCTGGGTACGGAAGGCATTTCTCTTCAGCTTTCATTGGTCCCAGGCTCGTGCCAGACAAGGCATGATTGCACCCATTTTGGGGACAGT

GCCTGGGCGTCCCAGGCAGACCCAGGGGCCGCATGCAGCAGGGCCTGAGGAGGGAGGTGTGGACGGAGGAGGCCCGCTGCCATTCTTGGTATGGTTCTCACTCCAGGAGCACAGCTGCAT

CTGGTCTCACTCTGGGCAGCTTATAAGGCCTGGTGTGAGTTTTGTTTATGCAAGTGCAGCATAAAAGGAACAAATCTACCAGCACCGGGGCTGTTGCCACTGAGTCCTTTTGCATACATT

TTTCAAATGATAACTCACTCTACCCACCCCCCTTCCCTACCCCCAAGGCGATTTATTGAAAAAACCACCTTATATGGTAATATTGCTAACACACCGTCAGCTGGCCTTTTTAGGGACTTT

=t
GTTTAAAGAAGATCCGCCTCTGGGGTTTTATATTGCTCTGGTATTCATGCCAAAGACACACCAGCCCTCAGTCACTGGGAGAAGAACCTCTCATACCCTCGGTGAGTACTGTACGGCTTT Exon 1
TGCCACCTCTTCCTTTCCGGGGCTGCCTGGCCTCCTGGGTGCGGGAGGTGCCTCCAGATTGGCCTGGCTTCTGTGACGCTGGCCCAGATCACACACCAGAGCCCTTGGTGGGCAGCGGCA

CCTGCAAGCATACTGCAGCCTGCTGAGAAAAGGCGTATCTGGCCATGGGACATCCTGGGGCAGGGGCAGCTTGGAACCGTGCTCCCTGCCTCAGAATGGGGACTGGTGGGATATAATGCC

TGCAGTCTCTACTAGCCCTGCTCCCCAGGGCCAGTGCAGATCCACACCCTGATGTCCTTTGTCTTGGGTTAGAATGTCT! A TGTTTT TCATATACTTTGCAGAAAAGCA

GCTTTTCAGAATACTTGAGTCAAAGCCAACAGTGGTCCTGGTGTCTGTGAGCTGTTTAGTCCATGAAATGTCTGTGCTGGGAATGGGAGGGTATTTTCTTCAGGTCCCTGTGGGTCTCTC
TGTCCTCTGATCTGTGCTTGGCTGAGGAGAATGGAGGGTTTCTGCAGTCCTTGAAGGCTC TAGGATCATTGGGGGATGGAGAAAATTCCACTTGCCCTGTGGCATCATGAGGTITCAGGG
TAGAAGGAACTTGGGACCCATCTAGTTCATTCTCCTCTGATGAGGACATTGAGGCCTAGAGACGTACAGCCACTCATCCARAAGACTCACACCCAACTGTGACCCATTTGCAGATGTCAT

EcORY.
TACTCCCCCCAACCCACCCAACACACACACAACACATGCACAAAGAATTAAGAGGAAGATGAGACGAAGGGGCCACTTCTACGTTTGGCATCAGAATTC. . ... (4.5 kb).....

GAATTCATATTCATTTCATTAAATTTAACCTTGGCTGTGTGTGGTGGGCCACTTGTAATCTCAGCACTTTGGGAGGCTGAGGCAGGAGAATCACTTGAACCCAGGAGTTCAGACCAGCCT
GGGCAACAGAGGGAGACTCTGTTTCTACAGAAACCAATTTTTATATCAGCCAGCCATAGAGCATGCCTGTGATCCCAGCTACTTGGGATGCTGAGGTGGGAGGATTGCTTGGGCTGGGAG
GTCGAGTCTGCAGTGACTGTGTCTGCACTGTACTGCAGCTTGGGTGACAGAGCAAGACCCCATCTCAAAAAATATATATATATATATCTTCTGATTCAGCTCATTTTCTGTGCCTTTT&:
gi%é%TCTTGGACTTTTATTCTTTCACCCAGTGTATTTAATATTACTCTCTCCCAGCTGCTTTTATCTGAAAACTTTATCAACCTGTGCTTTATATTTTCATTCAATTCATTTATAAAAA
TGTCACATGAGAAAGGGTCAAGAGTAGAGGCTGACATATGCTGCTCTCATTGACATTGACTAGCTGCCGCAAATATACAATTGTATTATTGCTTACTACATGCTTTATCAAGAGGATATC

CTATTCTGGACCTGTGGGCTGGTTTAGAGAGTGAGGACTCATCACTGGGGCTATGGGAGACATAAGATCAGCAGAGACAGAGCAAAGCTGATCCCTTGTTGTCACAGCAGGCCTCTCCCT

AGTATGAGCCTTGCTTTGAACATATCTGGAAGGCTTCCTTTAGTCTTGAAAATGTTTACAAGCCTCTGCTCAGCATCTACCTAGCCTTCAGACCTCGCGTTCTCAGGCCTGTIGGTGCTGT
CTCCTCTCTGCTTCAGTATGGTCTTCTCTGTCCAGCTTCTGCATGAGGCCATCTGGGGCCAAGGGTCACAGGTTTTAGAAGT TCCCCTCTCCCCGCTCCATGCCATAGCGACCTGCAATC

GCACATCTGGATAAAACTTCAGCCGGCCTTCTCTTTATGTGCCTGGCGCCTCTCTTTTCTCTGGGTTTTTGGAAGTCTGCCTGCCCAGCCCCTCAGCTGGGGCCTTCCCCACTTCTGCCC

CGCCCCACTGGTTCCTCCCAGGGT CAATCTCTGACTGTCTTCCGAGGCTCTGTTGCTTCTCCTTCATCACCAAATGCCAGGAATTTGTCAGATGCTGTTTGTAACTCAAAAGAA
AGAAAGAAAAAGAAAAAGATACAGGAAGGAAGGAAGGCAGAAAAAGAGAAAGAAAGAATGCGTGCAGCAGATGTTGGGAAAGTTAATTTCTTCATTATTTTGCATCATCCAGTTCGGATC
TCAGCATGGGGTAGGGAATCCTCTGTTGTCCCCATCTGTCGAGGCAACAGTGAGTCCCATCATGGAGTCCCTTCTTTTCCTCTCTCCTCCCAGAGTGCCCCTTCCTCATCAAGGTGCTTIC
TACCCTTAGGAGTGTACATTTCACCTATAACCACTGCCTATTTTTTCCTAGTGATATGTTATGCTATTGATTTTTAATTATATAAACTATATGCAAATGCAGCCTCCTTGTAAAAAAATT
AAAATATTATAGATATAACCCAGCACTTCTTCTCCCAGTTCTTTCCACACTCCCAGAGGTAATCATGATAATCAGTTTGCTAGGTGTCTTCCAGAACTTTTAGCTTCTTTCTTTGGCTTG
TATATGGCCACCTTCTCACTGCATCCTCCCTGTGGCCTACCCTCTGCATGCATCngigéETAATTCCCTCTTCTTATAAAGACACCCATTGTACTGGAGTAGTCATACTGGATGACAGC
CATATTGCATTAATCTCATTTTAACTTAATTACCTCTTTAAAGACCCTATCTCCARATACAGTCACCTTCTGTGTACTGGGGGTTAGGACTTCAACATGAATTT TTGGGGGGACACAATT
CACATTTCAGGGCAGAGGGAGGAGGCTCAACTGCCAGTGAGTGGGAGGCCAAGCCATGACTGTACCTACTGGAAGTGTGAACTGATTGCAGGTAGGGTAAGGAAACCAAGAAACTGTCTC

CRAACTGATTGAACAAGTGGCTGACTAGTTCTCTTCTCCCCCARATCCCAAGGTGCTCCAGTCCCCAGCTCACTCAGCCACATACACCATGTGTGAAGAGGAGACCACCGCGCTCGTGIG Exon 2
MetCysGluGluGluThrThrAlaleuvalCy

IGACAATGGCTCTGGCCTGTGCAAGGCAGGCTTCGCAGGAGATGATGCCCCCCGGGCTGTCTTCCCCTCCATTGTGGGCCGCCCTCGCCACCAGGTGCGTGCTCATCTGGATACCACCAG
SAspAsnGlySerGlyLeuCysLysAlaGlyPheAlaGlyAspAspAlaProArgAlavValPheProSerIleValGlyArgProArgHisGln

GCTTTGAGCCACTAGGAGTAAGCGCTGCACTGTGGAGACCCTGCTGAGCTGGGGGTTAGGGGAAGGAAATTGTGTGTGTGTGTGTGTGTGTGTCTGTGCATGCACATGCGTGTGTGCACC
GCAGGTGTAGGGAGTTCTTTTCTGATTAACTGATAGAGCAGGACCCTTTAAATAGAAATATCCAGGGCCAAAACCAACATACATCAGGCACACAATGACACTACTATGTCTGGCTTACAT
TTGGGGGGTTGCCAGGTTTGGAAARATTAATTTATATGGGATTGAACAAGCCTCTTGCCT TTAAGAAATTTACACT TTGTGAAGAAATACACATAACTAACCAGAGATCATGGGCTGTAA
TAGAGGTAAAATATTTCACAGGAAGGGAAAAGTATCACAGAAAAAGTAATATCTGAGAATAAGAAGGATTTCAGCAGGTGGAGAGATAGCAAAGATTTGGAGATCTAAGCAGGCACAGGG

GACTTGAGGAGGATGCATACAAGTCGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTCTGTGTGTGTGTGTGTGTGTGTGTCTGTGTGTAGTAGGATGA AGAAGTGCTAT! GGCT

TGTTTTATCTCAGAAAACATCGTTGTCTGAAGAGAAAGAAGAAAGGCCACCACACAAGAAATCCTCCACCTTCTCTTCCTGACACCTTCATACTCACTGGCATCTGCTCCATCCTGTCTC
CTGCTATCCTGTTTCTGGGGGAAGAAAGGCTGTTTTCCCCATCCTTATCCTTCTTCAGAGACCTTCCAGTGCCTGAATCCCTCTGTGTGGAGCCCTCAGCCATTCATTTCTCTTTTCTTC

BamHI.
TTTTTGCATTGCAGGGTGIGATGGTGGGAATGGGCCAGAARGACAGCTATGTGGGGGATGAGGCTCAGAGCAAGCGAGGGATCCTAACTCTCAAATACCCCATTGAACACGGCATCATCA Exon 3
GlyValMetValGlyMetGlyGlnLysAspSerTyrValGlyAspGluAlaGlnSerLysArgGlylleLeuThrLeuLysTyrProlleGluHisGlyIleIleT

CCAACTGGGATGACATGGAGAAGGTATCTGTAGACTTCCCCTTAATGAGCCTGCTTTAATGATCACCCATCGTCATGACCCTGTATTCATAGGCCACTGTGCTCTGTCGAC. . .. . .«
hrAsnTrpAspAspMetGluLys

..(5.6 kb) .....

CAGCTGGGGTTTTACAACTGGTTAAATGAATGTCCTACAGAAATGTGCATAGGGTTAAGGCAACTACAAAGGGATGTCGAGGCACCCAAGAGCCAGCAACAGAGGGAGCTCTCACACCCC
TAAACATGAAGGGGTCAGGTGACGAGGGCAGTGTCATTGGAGCTTAGTGAGAGCTTGAGCCTTGAAAAGGGGCTGCCCAACAGGAACTGTGCTCATGGAGGGCCACCTTGTCAGGAGATA
GACCCTGACTTCTTTTGCCCTCCTACTTTCCAGCCTCTTGCAGGAATCTTCTATCAGCCAAATATAGCCAGAAGCCAGAAGCAATGAACACTTGAGTGATACATGTGTCCTTGCATCACT
CAGTGCACAAGGCAGGGGAGAGACTGTAGGAGAGTGAAGAGGAGGGAAGATCAAATGGAAATAATGAACACATAGAAAATACTGGTTCCAGGTCTGAGTCCTACCTGGGGCCCTGTTGAG
AAGGAGTATACCCTTTAAATGTCAATCAGAAAT TTCCAGGGCTGACCATTCTCCTCTCCAGATCCATCCCATCCTGTGTAACATGGTGCCACATCTCCAGCATGGGAATGTCAATGAGAA

BgllIl.
TTTTCCAGCCATTGGGAGTCTGCCAGGCTAATATGGCTTTTGTCTCCACTAGATCTGGCACCACTCCTTCTACAATGAGCTGCGTGTAGCACCTGAAGAGCACCCCACCCTGCTCACAGA Exon 4
IleTrpHisHisSerPheTyrAsnGluLeuArgValAlaProGluGluHisProThrLeuLeuThrGl

' TAAGAAGCCAGGAAGACTTGAACACTGGCATAAGAATCGAACATGGATGCTTGGCCAGATACTTTCTCCCCTTCAA
uAlaProLeuAsnProLysAlaAsnArgGluLysMetThrGln
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ACATCAGTGCAACAGAACTCTCTGAGGACCTGCTATGTCTGTGGTCCATGCCAGGCCCAGGGAGTGGGTGTGGAATAATGAACTATCAAACTGGCAATGTTCCTGCCCTTAATGAGATTA

CAAACCATTCTACAGGCCAAGAAGTGCTGTGATTTTTGCCAAATAATCTTTTATTCTTCATTGTCCTTTAAG,

GCTGTGCTCTCCCTCTATGCCTCTGGCCGCACGACAGH
AlaValLeuSerLeuTyrAlaSerGlyArgThrThrG

AGAATCAAATGGACAGCTG.... (4.1 kb)....

CCTAGAAAGAGACTGATGAAAGGCAAGAATGAGAATTT TATTGGCCTGATCCTCTCTGTCCACAGGCATCGTCCTAGATTCAGGTGATGGCGTCACCCACAATG TCCCCATCTATGAAGG
lyIleValLeuAspSerGlyAspGlyValThrHisAsnValProlleTyrGluGl

A oy
LeuThrAs,

A 2 A A ATGCCG( CITTG( el A
yTyrAlaLeuProHisAlaIleMetArgLeuAspLeuAlaGlyArgAsp

pTYT

ATCATGTTTGAAACCTTCAATCTCCCTGCCATGTACGTTGCCATTCAA Exon 5
IleMetPheGluThrPheAsnValProAlaMetTyrValAlalleGln

GTGAGTAATCCTGTAATCCATTCCTTTTCTGACTTCAGGGGAGGTAGGGAAAAGCTGGGGTCTGGCAGAGGCTCCTGCTCAGA

Exon 6

" TATCCAGCCCCT

TTTCTGATTCTAACTGGAGCTCAGAACCAATCTGGTTTAGGACAAGAAGTTCTCAGGACCAATGAGAA. ...« (0.9 kb).....

AGATCCCCACAGCA AAGA ATCAGCTGCCAGA A
luMetAlaThrAlaAlaSerSerSerSerLeuGluLysSerTyrGluLeuProAspGlyGl:

AGAGCAGCAAATICT AGACA Al AGARA i aA
laGluArgGluIleValArgAsplleLysGluLysLeuCysTyrValAlaLeuAspPheGluAsnG

GTTA A ,CAATGAGCGC C A C
nVallleThrIleGlyAsnGluArgPheArgCysProGluThrLeuPheGlnProSerP

Exon 7

ITATTGGTGAGGTGCTGCCCACAGTCCCTGCCAATCTCAGGAGGGGAGGGTGGAGGAGTGGGTGAGGTATGGAGAGAGAAACACCAGGAGTCATGGCCACTTTGTTAATTACATACACGT

helleG
ACCTCACATTTTCCTAGGAAGGGCCAAAA..... (2.0 kb).....

TTAGCTGGGCGTGGTGGCATGTGCTTGTAATCCCAGCTACTCGGAGGCTGAGACATGAGAATCACTTGAACTAGGGGATCAGAGGTTGCAGTGAGCTGAGATCGCGCCACTGCACT

CCAGCCTGGTGACAGAGCAGACTCCATCTCAGAAAAAAAAAAAAAAGATCAATCAGAACTGGGGACAATARAGGAAACCGGATGACAAT TAAGGGGGGTGTGATCTTATAATCCTTCTGG

GAGATATTAAGGTTCTGAACTAGGGTAGTTGCAACAATCGAAGAAGGGTCATTTGAGGAGCTGGAGGTGTGCATATTTAGGAAGTGATGCCTGTTGACCAGACACTGTGATCTCCACTAG
EcoRI.

[CAR

CALTOCTGACAGCA AGAAGCAGCATCACA 10{ 0] AGCACCATCAACA
lyIleAlaAspArgMetGlnLysGluIleThrAlaLeuAlaProSerThrMetLysI
GAGTTCCTCGGAGGCAGACTGCCAGACCTGATAACTTGCTGG.. ... (3.3 kb)....

CCCCTTTTTCTGGGATAAGTACATTTTTGGACCACCTTGCTTATTCCCTTGGGGACTGATCATGATTCACCACATTTGTTCTTTGCAG,

2CA b A4 A AGACAA ACAR A A AR ACA ACATS AB ACIIATA < AACAAL G I a a a a
lyMetGluSerAlaGlyIleHisGluThrThrTyrAsnSerIleMetLysCysAspIleAsplleArgLysAspLeuTyrAlaAsnAsnValleuSerGlyGlyThrThrMet TyrProG

leLys

Exon 8

TGGGTCTTGCCTCAGTTGTCTCCATCCTGTTCTTTGTATAAAGTCTTGCCTACCTGG

ATTATTGCTCCCCCAGAGCGGAAGTACTCAGT Exon 9
IlelleAlaProProGluArgLysTyrSerVa

CIGGATCCCCGGGCTCTA CICIC] ACCT] A AGATC 2GA AGCAA A A A A A Cl ATTIG] ACA AAGT AAA
1TrpIleGlyGlySerIleLeuAlaSerLeuSerThrPheGlnGlnMetTrpIlleSerLysProGluTyrAspGluAlaGlyProSerIleValHisArgLysCysPhe
BamHI.

AGCCTTACTTCTCTGTGTGGGGCTCTTTTTTCCTGGGCTATGTCTCATACACAGTGC

TAAGGACTTTTCACACATTACTTTTAATCCATGCAATAGTGCTCTAAGGTAGGTGCTATCATTATACCCATATTACAGATGAGGAAATTGAGGCTCAGAGAAGTCA

FIG. 2. Nucleotide sequences around nine exons encoding the human smooth muscle y-actin gene and deduced amino acid sequences.
Nucleotides corresponding to exons were determined by comparison with cDNA sequences (27) and are underlined. The TATA and CArG
boxes are underlined twice. The cleavage sites of BamHI, Bglll, EcoRl, and Hindlll are shown.

AHA-315 (underlined in Fig. 1A). There must be another 5’
side exon in the human smooth muscle y-actin gene as in
other actin isoform genes. To identify the first untranslated
exon, the nucleotide sequence up to the end of the A\HA-315
insert (2.1 kb from the initiation codon) was determined (Fig.
2), but we could not find the identical DNA sequence with
the 35 nucleotides. Therefore, \HA-315 lacks the 5’ untrans-
lated exon region.

Genomic clones including 5' and 3’ parts of the human
smooth muscle y-actin gene. To clone the first exon, the
second human genomic DNA library, obtained from T.
Maniatis (22), was screened with the 1.7-kb EcoRI-BamHI
DNA fragment on the 5’ side of the \HA-315 insert. Clone
AHA-3222, inserted with a 14.5-kb human DNA, was iso-
lated and partially overlapped with clone \HA-315 (Fig. 1B).
It was hybridized to an EcoRI-Alul fragment including the 5’
UTR of pHSM+yAc-1, whose sequence corresponded to all of
exon 1 and 16 nucleotides from exon 2 (Fig. 1A). By
sequencing the hybridized region, the identical DNA se-
quence with 35 nucleotides of the 5’ UTR was found at 0.8
kb upstream from a 5’ side EcoRlI site (Fig. 2). Therefore, the
first intron was 7.5 kb and interrupted the 5’ UTR 36
nucleotides upstream from the initiation ATG codon. Re-
cently, we have obtained a new clone having a region up to
9 kb upstream from A\HA-3222 (42).

Next, to clone a 3’ part of the human smooth muscle
v-actin gene, the 122-bp Apal-Hpall DNA fragment contain-
ing the 3’ UTR of pHSM+yAc-5 was used for screening the
genomic DNA library constructed from partially Sau3Al-
digested human DNA. Clone \HACTSG-112, inserted with a
15-kb human DNA, was obtained (Fig. 1B). As demon-
strated by hybridization with probes specific for the different
regions of actin coding sequences, \HACTSG-112 contained
three actin coding exons which correspond to the amino acid
sequence downstream from codon 204 (Fig. 2). As the
inserts in \HA-315 and AHACTSG-112 did not overlap each
other, the same library was screened with the 230-bp Kpnl-
Hincll fragment derived from intron 5 to obtain a clone
containing the gap region between these clones. A new
clone, \HACTSG-2, indicated that the insert in \HACTSG-
112 was just next to that in A\HA-315 (Fig. 1B).

Restriction map and sequences of genomic clones. Figure 1B
summarizes restriction maps of all of the genomic clones we
isolated in this study. The smooth muscle +y-actin gene
extends for about 27 kb. The nucleotide sequences around
regions hybridized to the actin coding probes were deter-
mined, and those encoding the actin protein were identified
by comparing cDNA sequences (27). Figure 2 shows the
sequences of the entire protein coding portions as well as
some 5’ and 3’ flanking sequences and intron sequences.
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Mouse; TAAAGTCAGAGGGCCTTCTCTGGGGATCCCCACAAGACT . . . TGGTCACCAGCCACAGATCATTAAAACCTTCAAGCCTT (75 %)
LEerrereet (RERN PEereeer et terrerr orrrrrerrrne et
Human;  TAAAGTCAGAACAGGTTCTCCAAGGATCCCCTCGAGACTACTCTGTTACCAGTCATGAAACATTAAAACCTACAAGCCTT
[NRRR RN (RN FEEeere v i LR Lerrnd Forrrerrrreey eeeteend
Rat; TAAAGTCACAGGGCCTTCTCTGGGGATCCCTGCAAGACT . . GCTGTCACCAGTCACAGATCATTAAAACCTTCAAGCCTT (76 %)

FIG. 3. Comparison of 3' UTR sequences of the human smooth muscle y-actin gene with mouse (20) and rat (24) cDNAs. These sequences
begin at the termination codon and end at the nucleotide sequence before the polyadenylation site. The sequences have been aligned for
maximal homology. Matches and gaps are indicated by bars and dots, respectively.

There are one 5’ UTR exon and eight coding exons. The
sequences at the borders of the introns were in agreement
with the consensus splice junction sequences GT-AG. Be-
tween the nucleotide sequences of cDNAs and the gene,
there are three silent base substitutions in the coding region
and one nucleotide substitution in the 5 UTR (27). The
existence of these sequence differences may reflect polymor-
phisms in the human population. We also noticed that one of
the two HindIlIl sites in intron 1 was polymorphic (asterisk in
Fig. 1B) (41). The coding region of this gene is interrupted by
eight introns that are located at the same positions in the
smooth muscle (aortic type) a-actin gene (19, 44). The two
smooth muscle actin genes have a unique intron between
codons 84 and 85, since such introns have never been found
in any other actin genes. The deduced amino acid sequence
is completely identical with that of the reported cDNA (27)
and almost identical with that of smooth muscle vy-actin (46)
except that Gln at codon 359 was substituted for Pro. The
same substitution was also reported in mouse and rat smooth
muscle y-actin cDNAs (20, 24).

Sequences of 5’ flanking region and introns. A canonical
TATA homology was observed at 73 bp upstream from a
splicing junction of the first exon (Fig. 2), and usually
transcripts of the gene were initiated 25 to 30 bp downstream
from the TATA box, and the longest cDNA reached to 35 bp
upstream from the splicing junction. In addition, we esti-
mated the first exon to be about 45 bp by S1 digestion of
RNA from human stomach, which was hybridized to a
uniformly labeled single-strand DNA probe including the
expected first exon region (data not shown). It has been
observed that most, but not all, eucaryotic gene transcripts
are initiated with an A residue. Therefore, although we have
not yet precisely mapped the transcription start site, we
chose the A nucleotide at 44 bp upstream from the splicing
junction as the transcription start site.

As shown in Fig. 2, the sequence immediately upstream
from the transcription start site indicated four potential
CArG boxes, CC(A/T)¢GG sequences (25, 29), at positions
—73, —110, —338 and —434, respectively (numbers refer to
base pairs upstream from the transcriptional start site at +1).
The CArG boxes are transcriptional regulatory elements that
are critical to the expression of actin genes and are found in
multiple copies with the 5’ flanking and/or first intron re-
gions. In the human smooth muscle y-actin gene, we dem-
onstrated that the second CArG had a positive transcrip-
tional regulatory function and was a major binding site for
nuclear factors (28). So far, we have found another potential
CArG box in the intron 1 region, which is at 1.5 kb upstream
from exon 2, but it did not show any functions (28). Since the
nucleotide sequence of intron 1 is not complete, functional
CArG boxes may be located there. The 5’ flanking region has
several E boxes, CANNTG, which are binding sites of
muscle differentiation factors, MyoD1 family proteins (1,
37). We demonstrated that, at least, the proximal E box at
position —80 was a binding site for MyoD1 proteins in vitro
(28). In addition, there are four AP2 binding site-like se-
quences between —397 and —506, although they are not

completely identical with the original sequence (CCC
CAGGQC) (26) and we could not detect any nuclear factor
binding activities.

Dinucleotide repeats (T and G residues) were found twice
in intron 2. They are located at 100 and 530 bp, respectively,
downstream from the end of exon 2. Another such sequence
in exon 3 was observed by Southern blot analysis (data not
shown), but its sequence is not yet known. This sequence
can construct the left-handed Z-DNA in vitro (50) and affect
gene expression in an enhancer-like manner (15). Since it has
been reported that the human cardiac a-actin and smooth
muscle a-actin genes had the T-G repeat sequences in
introns or flanking regions (13, 19), such sequences might
have some function in the expression of the actin gene
family.

Southern blot analysis with the 3' UTR. It has been
reported that nucleotide sequences of 3’ UTRs of actin genes
were isoform specific and conserved in evolution (7, 10, 19,
35, 36). According to cDNA data (27), the 3' UTR of the
smooth muscle y-actin gene is 77 bp, and a putative polyad-
enylation signal ATTAAA is located 19 nucleotides up-
stream from the polyadenylation site. Its nucleotide se-
quence was compared with those of mouse and rat cDNAs
(20, 24). As shown in Fig. 3, there is 75% sequence conser-
vation between human and mouse cDNA, and 76% sequence
conservation between human and rat cDNA. The 3’ UTRs of
the smooth muscle y-actin genes, as well as those of the
smooth muscle a-actin genes (19), indicate lower sequence
conservation than those of other actin isoform genes (about
85% homology). In addition, the 77-bp 3’ UTR is the shortest
of those of the six human actin genes (see Fig. 5).

To demonstrate that the 3' UTR of the smooth muscle
y-actin gene is also used as the isoform-specific probe, the
122-bp Apal-Hpall DNA fragment including the 3’ UTR was
hybridized to human and mouse DNAs. A strong hybridized
band was detected in the EcoRI-digested human DNA (Fig.
4A). Its size was about 12 kb and matched the size predicted
from the restriction map of cloned DNAs. Therefore, there is
one gene for the human smooth muscle y-actin gene in the
human genome. On other hand, since we could detect no
band in the mouse DNA even under low-stringency condi-
tions (Fig. 4A), the 3’ UTR of this gene could not hybridize
to the mouse gene. According to these results, the 3’ UTR of
the smooth muscle y-actin gene, as well as that of the human
smooth muscle a-actin gene, can recognize the correspond-
ing gene in a human-specific manner. The reason the 3’
UTRs of two smooth muscle actin genes could not detect
corresponding genes beyond species, whereas those of other
four actins could, may be that these 3' UTRs are shorter and
have lower evolutionary conservation.

Northern blot analysis of human tissue RNAs. The smooth
muscle y-actin predominates in gastrointestinal tracts (47).
To investigate the tissue-specific expression of this gene, we
carried out Northern blot analysis of RNAs from several
human tissues. The actin coding probe could detect 2.1-
and/or 1.8-kb actin mRNAs in all tissues examined (19) (data
not shown). As shown in Fig. 4B, however, the isoform-
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FIG. 4. Detection of the smooth muscle y-actin gene and its
expression in various human tissues. The 122-bp Apal-Hpall cDNA
fragment including the 3' UTR was used as a probe. (A) Southern
blot analysis of EcoRI-digested DNAs from human and mouse
cultured cells. The size of the fragment, as estimated from \
markers, is indicated to the left of the panel. Two fast-migrating
bands in the human cell lane disappeared after high-stringency
washing (0.2x SSC at 65°C). (B) Northern blot analysis of human
tissue RNAs. Five micrograms of poly(A)* RNA from the artery of
umbilical cord and 20 pg of total RNA from tissues (as indicated
above their respective lanes) were denatured with formaldehyde and
electrophoresed. The sizes of RNAs were calculated from positions
of rRNAs, and denatured DN As were detected by ethidium bromide
staining of the gels.

*

specific probe including the 3’ UTR described above de-
tected only the 1.8-kb RNA transcript in human stomach,
small intestine, and artery of umbilical cord but hardly in
uterus, heart, and lung. In addition, we could not detect any
transcripts in skeletal muscle and brain (data not shown).
The expression of smooth muscle y-actin mRNA corre-
sponded well to protein detection data (48). Since the artery
of umbilical cord also expressed smooth muscle a-actin (19),
the two smooth muscle actins are coexpressed in this tissue.

SMOOTH MUSCLE y-ACTIN GENE 3301

Indeed, it has been reported that bovine aorta contains
smooth muscle y-actin-like protein as a minor component
(48).

Chromosome location of the smooth muscle y-actin gene. To
determine the chromosome location of the human smooth
muscle +y-actin gene, a panel of 18 rodent-human hybrid
DNAs was analyzed by Southern blot analysis. When the
1.5-kb Sacl-EcoRI fragment from intron 8 was hybridized to
the EcoRI-digested human DNA, a 2.3-kb band whose size
corresponded to the size predicted from cloned DNAs was
detected, whereas no band was obtained in rodent DNAs
(data not shown). Thus, this intron fragment was used as the
probe. Table 1 summarizes the distribution of the human
smooth muscle y-actin gene and human chromosomes in the
hybrid cells. Since the signal for the human smooth muscle
y-actin gene was in good correlation with the presence of
human chromosome 2, this gene must be located on chro-
mosome 2. From the chromosome locations of the other five
reported human actin genes (see Fig. 5), the six human actin
genes are located on different chromosomes and no genetic
linkage is seen among them.

DISCUSSION

Several lines of evidence indicated that the gene we cloned
in this study was the only functional human smooth muscle
y-actin gene, although there are a large number of actin-
related sequences detected in mammalian genomes. (i) By
Southern blot analysis, this gene is unique in the human
genome. (ii) This gene is transcribed into mRNA in the
human enteric tissues, and the sequence of isolated cDNA
clones was identical with that of the gene. (iii) The amino
acid sequence deduced from the coding region is identical
with that of smooth muscle y-actin except for codon 359. (iv)
All exon-intron boundary sequences are in good agreement
with the GT-AG rule, and the introns are located at the same
positions in the smooth muscle a-actin gene. (v) The relative
positions of the putative TATA, CArG, and E boxes, which
are transcriptional regulatory elements, correspond well to
similar sequences of other actin genes.

TABLE 1. Distribution of the human smooth muscle (enteric type) y-actin gene and human chromosomes in human-rodent cell hybrids

Presence of human chromosome*:
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“ G3SFS through G95A4 and G35F3 are human-Chinese hamster cell hybrids, and others are human-mouse cell hybrids.

& ACTSG, human smooth muscle (enteric type) y-actin gene.
€ R, rearrangement; #, less than 20%; ND, not determined.
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FIG. 5. Summary of the gene structures and chromosome locations of the six human actin genes; i.e., the skeletal a-actin (11, 40), cardiac
a-actin (10, 11, 14, 25), smooth muscle a-actin (19, 31, 32, 43, 44), cytoplasmic B-actin (30, 33, 36), cytoplasmic y-actin (6, 7), and smooth
muscle y-actin (this article; 27) genes. Triangles indicate intron positions. Numbers below them indicate intron sizes (base pairs or kilobases
[in brackets]). Numbers above the lines indicate the sizes of the 5’ UTR in exon 1 and exon 2 and those of the 3' UTR in the last exon.

Comparison of the six human actin genes. The isolated
human smooth muscle y-actin gene contains one 5’ untrans-
lated exon and eight coding exons in an about 27-kb region.
Since the DNA sizes of the other human actin genes,
cytoplasmic y-actin, cytoplasmic B-actin, smooth muscle
a-actin, cardiac a-actin, and skeletal a-actin, are 2.8, 3.4, 17,
4.9, and 2.8 kb, respectively, the smooth muscle y-actin gene
is the largest actin gene in the human genome. The lengths
and locations of introns of the six human actin genes are
summarized in Fig. 5. A comparison of exon-intron organi-
zation of the human actin genes indicates that comparable
structural regions are identically interrupted by introns,
whereas the sizes of introns or untranslated regions are
different. Introns at sites 1, 2, 7, and 8 are common in all the
human actin genes. The two striated muscle actin genes have
introns at sites 5 and 6, while the two cytoplasmic actin
genes each have an intron at site 4. The two smooth muscle
actin genes each have introns at both sites and a unique
intron at site 3. This comparison gives a clue how these
genes may have evolved.

The primary product translated from the smooth muscle
v-actin gene, encoding 376 amino acid residues, is one amino
acid longer than two cytoplasmic actins and one amino acid
shorter than three other muscle actins (Fig. 6). The presence
of a Cys codon following the initiation codon, position —1,
which is thought to be removed by the posttranslational
processing, is unique to the four muscle actin genes. The
amino acid at position 4 was deleted in smooth muscle
y-actin and two cytoplasmic actins. This difference is kept in
mature proteins. Between two smooth muscle actins, there
is one substitution at codon 359 except for the amino
terminal regions. The same substitution was reported in
mouse and rat smooth muscle y-actins (20, 24). The signifi-

cance of this substitution in smooth muscle y-actin is not
clear, but since it is the unique substitution beyond species,
it might be useful for making an antibody specific for smooth
muscle y-actin.

When the nucleotide sequence of the smooth muscle
y-actin coding region was compared with those of other
human actin genes, homologies of 82.4 to 85.8% were found.
As shown in Fig. 6, most of the base changes in these
sequences are the result of third-base substitutions and are
silent substitutions that do not change amino acids. There-
fore, the amino acid sequence differences between the
smooth muscle y-actin gene and other actin genes were less
(93.6 t0 99.5%) than those of the nucleotide sequences. They
are summarized in the upper right portion of Table 2.

An evolutionary clock hypothesis predicts that the accu-
mulation of silent or replacement substitutions is propor-
tional to divergence time. To compare the coding sequences
of the six actin genes, we used the ‘divergence’ method of
UWGCG programs that calculates divergence for multiple
events between two homologous sequences with the random
substitution model (34). Numbers in the lower left portion of
Table 2 showed percent divergences for silent and replace-
ment substitutions between actin coding sequences.

Since the corrected percent divergence, which shows
estimated divergence time, between two cytoplasmic actins
is the lowest (44/1.4) among them, it is likely that these genes
diverged the most recently. However, the corrected percent
divergences of silent substitutions between the muscle and
cytoplasmic actin sequences are generally lower (58 to
101%) than those between the muscle actin sequences (89 to
118%). Since other data demonstrate that estimated diver-
gence time between muscle and cytoplasmic actin genes is
greater than that between the muscle actin genes, the accu-
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FIG. 6. Comparison of the six humar actin coding sequences. The predicted sequence of the amino acid coding region of human smooth
muscle y-actin, y-Sm (27), is compared with those of the human cytoplasmic y-actin (y-Cyt) (7), cytoplasmic B-actin (B-Cyt) (36), smooth
muscle a-actin (a-Sm) (18), cardiac a-actin (a-Ca) (14), and skeletal a-actin (a-Sk) (16). In accordance with the previous numbering system
(47), only 374 residues were numbered. Met and Cys are numbered as —2 and —1, respectively, and are absent from the mature protein
through posttranslational cleavage. An extra Ser between positions 234 and 235 has been identified. The amino acid at position 4 is deleted
in the smooth muscle y-actin and two cytoplasmic actins and that at position —1 is deleted in two cytoplasmic actins, and they are shown by
dashes. Codons that encode amino acids different from those in the smooth muscle y-actin gene are underlined. Intron sites are shown by bars.
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TABLE 2. Percent divergences of amino acid sequences, nucleotide sequences, and silent and replacement substitution sites in each
codon among six human actin coding regions®

Actin ¥-Sm y-Cyt B-Cyt a-Sm a-Ca a-Sk
v¥-Sm 94.4/82.4 93.6/84.0 99.5/85.1 98.7/85.8 98.7/84.4
y-Cyt 101/6.6 98.9/91.3 94.7/82.6 94.1/83.0 93.6/85.8
B-Cyt 78/8.0 44/1.4 93.9/82.0 94.4/84.5 93.9/86.0
a-Sm 98/1.7 100/6.8 97/7.9 98.4/85.5 97.4/85.5
a-Ca 89/2.3 62/8.5 83/7.2 95/1.6 98.9/85.3
a-Sk 109/2.8 95/1.7 58/7.8 108/1.9 118/1.4

“ We calculated percent divergences in each pair of the actin coding regions shown in Fig. 6 in accordance with the University of Wisconsin Genetics Computer
Group Bestfit and Divergence programs. The upper right portion shows the percent homologies in sequences of amino acids and nucleotides. The lower left
portion shows the corrected percent silent substitution and replacement substitution. Abbreviations are the same as for Fig. 6.

mulation of silent substitutions might saturate because of the
extremely conservative nature of actin coding sequences.
Alternatively, since the actins are major components of total
proteins in all tissues, tissue-specific codon usage may have
some influence on the calculation. Indeed, there are some
differences in codon usage among the six actin genes, e.g., in
the smooth muscle y-actin gene, codons ACC (15 of 25) and
ACA (7 of 25) are used for Thr, whereas ACC (11 of 24) and
ACT (10 of 24) are preferentially used in the smooth muscle
a-actin gene.

In contrast to silent substitutions, the corrected percent
divergence of replacement substitutions seems proportional
to the divergence time. Numbers of replacements, however,
are too small to calculate correct evolution periods, since
there is also a strong evolutionary pressure to retain the
functional protein structures. Therefore, replacements or
silent substitutions cannot be used as evolutionary clocks for
the actin coding sequences over long periods except for two
cytoplasmic actins.

Evolution model. It is reasonable to postulate that the
modern actin isoforms have one common ancestral actin
gene and evolved from it. From data of the gene structures,
the sequences of nucleotides and amino acids, and the
tissue-specific expression, we propose here the model for
actin gene evolution.

In this model, the intron positions found in modern actin
genes are results of loss of some introns from and insertion
of new introns into the ancestral actin gene. A limited
number of intron positions has been identified and well
conserved even in echinoderm actin genes; a starfish actin
gene had introns at sites 2 and 4 through 7 (21). In addition,
introns at sites 1 and 8 are common in all mammalian actin
genes. Therefore, the ancestral actin gene was presumed to
have at least seven introns at sites 1, 2, and 4 through 8.

Amino acid sequences of many species suggest two views
about the ancestral actin gene. First, since actins present in
the invertebrate muscle tissues resemble mammalian cyto-
plasmic actins rather than muscle actins (4, 49), the ancestral
actin gene might have an amino acid sequence similar to
those of the human cytoplasmic actin genes. Second, since
Met-Cys sequences in the amino-terminal sites were also
observed in some invertebrate actins (9, 38), the ancestral
actin gene had the Cys residue following the initiation codon.
In addition, it is likely that early vertebrates had only one
muscle actin expressed in all striated muscles and that the
smooth muscle actin arose later in evolution from early
striated muscle actins (49).

Our proposed model of actin gene evolution is shown in
Fig. 7. The cytoplasmic 8- and y-actin genes may have been
created from the putative ancestral actin gene through loss of
the introns at sites 5 and 6 and deletion at two amino acid

sites. After duplication occurred recently in evolutionary
time, four amino acids were substituted in the cytoplasmic
B-actin gene.

According to the comparison of the amino acid sequences,
muscle actins differ from cytoplasmic actins in 19 common
amino acid substitutions, at positions 5, 6, 10, 16, 76, 103,
129, 153, 162, 176, 201, 225, 259, 266, 271, 278, 286, 296, and
364. Therefore, four muscle actins did not evolve indepen-
dently from the common ancestral actin gene with cytoplas-
mic actins but must have one ancestral prototype of the
muscle actin gene.

Subsequent to the divergence of the ancestral muscle and
cytoplasmic actin genes, the muscle actin prototype gene
had been duplicated to produce primitive striated muscle and
smooth muscle actin genes. The two striated muscle actin
genes may have evolved through the process in which the
intron at site 4 was lost and two amino acids were substi-
tuted. After sequential duplication, they received some
amino acid substitutions.

Since the two smooth muscle actin genes have the unique
intron at site 3, this intron was in place in the primitive
smooth muscle actin gene prior to its divergence. The intron
at site 3 is found only in the two smooth muscle actin genes
but never reported in other actins among either vertebrate or
invertebrate genomes. If the ancestral actin gene and muscle
actin prototype gene had carried the introns at site 3 as
described by others (3), the excision of this intron would
have occurred twice during cytoplasmic and striated muscle
actin gene evolutions, according to our model. But, since the
excision of introns seems a rare event, there is little possi-
bility of this. Therefore, we think that the primitive smooth

ancestral actin gene
? [intron 1,2,4,5,6,7, 8]

© substitution
- A deletion
19aa snes:Cl) muscle actin ~=—insertion
prototype gene
Aintron 5, 6 Aintron 4 --sg—intron 3
Aaa(-14) —aa(1,17) « aa 89
aa2 ©aa(3, ©aa(4,5) |Aaad
aa
IZT 23.10) 298,357) > aa359

+Cyt p-Cyt a-Ca a-Sk o-Sm *+Sm
(ACTG) (ACTB) (ACTC) (ACTA) (ACTSA) (ACTSG)

FIG. 7. A hypothetical family tree for the actin gene family. The
vertical scale is not linear and merely represents relative evolution-
ary time. See Discussion in the text.
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muscle actin gene may acquire the new intron at site 3.
Although the intron at site 3 was inserted relatively late in
evolution, the sizes of the introns in the two smooth muscle
actin genes were very different and our Southern blot
analysis did not show any homology between them (data not
shown). The primitive smooth muscle actin gene was given
an amino acid substitution at position 89 and then duplicated
to the two smooth muscle actin genes. The gene products
received some amino acid substitutions, and the smooth
muscle +y-actin lost one amino acid at position 4.

According to this model, the deletion of the amino acid at
position 4 had occurred twice, during the cytoplasmic and
smooth muscle y-actin evolutions. It is not clear, however,
whether this deletion was an independent phenomenon. If
not, the deletion of the amino acid at position 4 gives some
advantage to actin proteins, because amino termini are
important for interaction with myosin filaments, etc.

Significance of actin isoforms. Actins are important pro-
teins in living cells. It is not clear why human cells have the
six actin isoforms, because the actin isoforms seem to some
extent interchangeable and the different actin isoforms con-
fer no distinct functional advantage (12). Since actins inter-
act with many ligands, the differences among the six actin
isoforms might induce changes in cell structures through the
alteration of interactions between actin filaments and cyto-
skeletal components. They must have evolved because of a
regulatory requirement for multiple actin genes. It was
reported that the actins are sometimes coexpressed in each
isoform pair with variable relative levels. Since each pair of
the actin genes represents the most recent gene duplication
events in the evolution model, regions regulating gene
expression may still keep cross-responsiveness. Now, since
the 5’ flanking DNA sequences of all six of the human actin
genes are known, we have made an effort to understand
mechanisms of differential control of expression specific for
actin isoform genes.
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